Hendra virus (HeV) and Nipah virus (NiV) are closely related, recently emerged paramyxoviruses that form Henipavirus genus and are capable of causing considerable morbidity and mortality in a number of mammalian species, including humans. However, in contrast to many other species and despite expression of functional virus entry receptors, mice are resistant to henipavirus infection. We report here the susceptibility of mice deleted for the type I interferon receptor (IFNAR-KO) to both HeV and NiV. Intraperitoneally infected mice developed fatal encephalitis, with pathology and immunohistochemical features similar to what was found in humans. Viral RNA was found in the majority of analyzed organs, and sublethally infected animals developed virus-specific neutralizing antibodies. Altogether, these results reveal IFNAR-KO mice as a new small animal model to study HeV and NiV pathogenesis, prophylaxis, and treatment and suggest the critical role of type I interferon signaling in the control of henipavirus infection.
Within the past decade a number of new zoonotic viruses emerged from flying foxes to cause serious disease outbreaks in man and livestock. Hendra virus (HeV) came to light in 1994 as the causative agent of an acute respiratory disease in horses in Brisbane (Australia) with a fatal human case [1] . Naturally hosted by fruit bats (Pteropus species), HeV currently poses a serious threat to livestock in Australia, with sporadic lethal transmissions to humans. In 1998 in Malaysia, the closely related Nipah virus (NiV) was recognized as infecting pigs and subsequently humans, inducing encephalitis with 40% fatality [2] . Since then, and almost every year, outbreaks of NiV infection cause severe encephalitis in Bangladesh and India with a fatality case rate approaching 75% [3] . Multiple rounds of person-to-person NiV transmission are observed [3, 4] , thus further extending the risk of NiV infection in humans. In addition to acute infection, these viruses cause asymptomatic infections and may lead to late-onset or relapsing encephalitis years after initial infection [5] . Recently, 23 new distinct viral clades closely related to HeV and NiV have been identified in 6 bat species in 5 different African countries, thus widening significantly the geographic distribution of these viruses [6] . Although most closely related to Morbillivirus, a few distinctive properties of NiV and HeV, including their much larger genome size, led to their classification within the Henipavirus genus of the Paramyxoviridae family [7] . Because of their ability to infect humans with high pathogenicity, their wide host range and potent interspecies transmission, and the lack of an efficient treatment, the HeV and NiV were classified as biosecurity level 4 (BSL-4) pathogens.
Currently, very little is known about Henipavirus pathogenesis, and further studies depend largely on available animal models. Both HeV and NiV display an exceptionally broad host range. In addition to bats, which do not develop any apparent clinical disease, successful natural and experimental infection has been observed in horses, cats, ferrets, pigs, guinea pigs [8] , and monkeys [9] [10] [11] , and the only small rodent model of henipavirus infection described so far is the Syrian golden hamster [12, 13] . Though the use of hamsters provided significant advances in Henipavirus research, this model suffers of major limitations due to the poor immunological and genetic toolbox that is currently available. Ephrin B2 and ephrin B3 proteins act as functional receptors for henipavirus and are highly conserved across vertebrate species including mice [14] ; nevertheless, mice are known to be resistant to both NiV [12] and HeV infection [15] .
Type I interferon (IFN-I) family consists of several subtypes, including 13 IFN-α isoforms, IFN-β, IFN-ɛ, IFN-к, and IFN-ω They all share widely expressed common cell surface receptor, composed of 2 chains, IFNAR1 and IFNAR2, capable of activating a complex intracellular signaling pathway, leading to the activation of numerous cellular genes and playing an important role in the control of viral infections [16] . IFN-I induces an antiviral state within cells through the upregulation and activation of antiviral proteins (eg, RNA-activated protein kinase, RNaseL, MxA) [17, 18] and by modulating adaptive immune responses [19] . To evaluate the role of IFN-I in resistance of mice to henipavirus infection, we analyzed susceptibility of mice lacking functional IFN-I receptor (IFNAR-KO mice) [20] to infection by NiV and HeV. Henipavirus infection in these animals induced development of fatal encephalitis with pathological lesions close to those observed in humans and surviving animals developed virus-neutralizing antibodies. Thus, IFNAR-KO mice represent a potent small animal model to study HeV and NiV pathogenesis, prophylaxis, immune response, and treatment. Furthermore, our data point to a critical role of IFN-I signaling in the control of henipavirus infection.
METHODS

Virus
HeV, obtained from Porton Down laboratory, UK, NiV (isolate UMMC1, GenBank AY029767) [21] , and recombinant NiV-EGFP [22] were prepared by infecting Vero-E6 cells, in the INSERM Jean Mérieux BSL-4 laboratory in Lyon, France.
Preparation and Infection of Primary Brain Glial Cell Cultures
Glial cells were extracted by disruptions of cortex from brains of 2-3 day-old mice, and cultures were prepared as described elsewhere [23] . Briefly, cells were homogenized and plated in wells precoated with poly-D-lysine 50 µg/mL in phosphatebuffered saline (PBS). Cells were cultured in 600 µL of medium (DMEM-glutamax [Gibco], 20% fetal calf serum, 0.5 mg/mL gentamycin, 10 mM HEPES) at 37°C in 5%CO 2 , for 9-15 days and then infected with NiV. Production of infectious NiV in supernatant was followed by titration on Vero cells as described elsewhere [12] .
Infection of Mice
Groups of 5-6 type I IFN Receptor Knock-Out (IFNAR-KO) mice [20] and wild-type C57BL/6 mice (PBES, ENS-Lyon, France) 4-12 weeks old (age homogenous within an experimental group) were anesthetized and infected either intraperitoneally with 0.4 mL of virus, intranasally with 30 μL of virus, or intracerebrally with 50 μL of virus or with equivalent volume of PBS (mock). Surviving animals were followed over 21 days after inoculation. All animals were handled in strict accordance with good animal practice and experiments were approved by Regional Ethical Committee CECCAPP.
Quantitative Reverse-Transcription Polymerase Chain Reaction (RT-qPCR) RNA was extracted from primary glial cultures and organs (10-30 mg) of mock and henipavirus-infected mice as described elsewhere [24, 25] . Reverse transcription was performed on 0.5 μg of total RNA using the iScript cDNA synthesis kit (Bio-Rad) and run in Biometra T-GRADIENT PCR device, using NiV nucleoprotein (N)-specific and murine glyceraldehyde 3-phosphate dehydrogenase (GAPDH)-specific primers as described elsewhere [24, 25] . HeV N and IFNα1, -2, -4, -5, -6, -7, -9, -11, -12, -13, and -14 and IFNß1-specific primers were designed using Beacon 7.0 software, and validated for their efficacy close to 100%: HeV-N forward: GCCGGCTTCTTTGCGACTATC, HeV-N reverse: CGCTC GAGGCCCTATTTCTCTG, IFN-α forward: CTCTGTGCTT TCCTGATG, IFN-α reverse : CCTGAGGTTATGAGTCTGA, IFN-ß forward : TCCACTTGAAGAGCTATTAC, and IFN-ß reverse: CATTCTGAGGCATCAACT. Calculations were performed using the 2 ΔΔCT model, according to the MIQE guideline and normalized by the standard deviation of the average GAPDH expression, as described elsewhere [24, 25] .
Histology and Immunohistochemistry (IHC)
Histology and IHC were performed as described elsewhere [25] . For conventional histology, slides were rapidly colored in modified Harris hematoxylin (Sigma-Aldrich) 1:3 in PBS and then washed. Eosin B-0.1% (Sigma-Aldrich) was used for counterstaining. Colored slides were dehydrated through graded alcohols and xylene. Sections were mounted with DPX mounting medium and cover-slipped. For IHC study a primary rabbit anti-NiV N purified antibody (ValBex, France) was applied diluted at 1:1000 in PBS with 1%, of bovine serum albumin overnight at 4°C. Further steps were performed as described elsewhere [25] . For immunofluorescence study, the same protocol as IHC was used with the additional step of permeabilization performed after antigen retrieval for 45 minutes in PBS plus 0.2% Triton X-100. A secondary goat anti-rabbit conjugated with Alexa Fluor 488 (Life Technologies) antibody was used at 1:400 for 1 hour at room temperature. After 2 washes in PBS, NeuroTrace (Molecular Probes) 1:150 was applied for 20 minutes at room temperature. Slides were washed 10 minutes in PBS plus 0.1% Triton X-100, washed 3 times in PBS for 10 minutes, and mounted. Slides were analyzed with Zeiss LSM-710 fluorescence microscope equipped with Zeiss Zen software.
Virus Neutralization Assay
NiV and HeV neutralizing antibodies were assayed using serial 2-fold dilutions of serum, as described elsewhere [13] . Briefly, samples were incubated with virus (10-30 plaqueforming units[PFU] per well), and Vero cells (2.5 × 10 4 ) were added to each well and incubated for 5 days. Relative neutralizing titers are defined as the reciprocal dilution of serum samples that completely inhibited the cytopathic effect of either NiV or HeV.
Statistical Analysis
Data were expressed as mean and standard deviation (SD). Statistical analyses were performed using Mann-Whitney U test, 2-way analysis of variance (ANOVA) test followed with Bonferroni's post-test, χ 2 test (survival), and LD 50 was calculated using Spearman-Kärber test.
RESULTS
Nipah Virus Infects Primary Murine Brain Glial Cell Cultures
To determine the importance of Type I IFN in henipavirus infection, we first compared the permissiveness of primary glial brain cell cultures from wild-type mice with those obtained from IFNAR-KO mice to NiV infection ( Figure 1 ). Although cultures from both murine lines were similarly susceptible to NiV-EGFP infection at high multiplicity of infection (MOI, 1 PFU/cell; Figure 1C -1H), cultures derived from IFNAR-KO mice produced significantly more infectious particles than cultures from wild-type mice, when infected with a low dose of NiV (0.02 PFU/cell; Figure 1H ), without significant differences in cell viability during the first 48 hours postinfection. In cultures from both wild-type and IFNAR-KO mice NiV induced strong production of IFNß-specific messenger RNA ( Figure 1I and 1J) at the similar level but not IFNα, which was detected only at the basal level (data not shown). These results suggested the importance of IFNAR signaling in the protection of primary brain cells from the infection with low doses of NiV, thus encouraging further in vivo experiments with this murine model.
Henipavirus-Induced Clinical Signs in Mice
We next compared the susceptibility of wild-type and IFNAR-KO mice to NiV infection, using different routes of inoculation. As reported elsewhere [12] , wild-type mice were completely resistant to intraperitoneal infection ( Figure 2A ).
However, they were highly susceptible when NiV was injected intracerebrally with 10 5 PFU, and all mice died within the first 6 days. In contrast, IFNAR-KO mice showed high susceptibility to NiV infection whatever the route of administration ( Figure 2B ). While all intracerebrally and intraperitoneally inoculated IFNAR-KO mice succumbed to infection, intranasal route was lethal in 3 of 5 mice. In accord to the higher susceptibility of IFNAR-KO brain cultures to low dose infection with NiV ( Figure 1H ), IFNAR-KO mice were also more susceptible to intracerebral infection than wild-type mice as shown by 2 days earlier lethality in all mice (P = .0237, χ 2 Chi test).
IFNAR-KO mice infected intraperitoneally showed different clinical signs from behavioral troubles to neurological disabilities. The weight loss (from 15% to 25%) was regularly observed 1-2 days before death and was thus a good predictive marker of lethal outcome. In the early stages of infection, sickness of IFNAR-KO mice led to behavioral troubles with agitation, edginess, or a lack of grooming. When the disease progressed, signs of pain associated with neurological disabilities appeared. Mice presented a painful face (orbital tightening, nose bulge, and ears and whiskers drawn back position) as referred in the mouse grimace scale [26] , lordosis, aggressiveness, and prostration. At late stages of infection, the neurological symptoms regularly worsened with locomotor disabilities, tilted head, or paralysis.
IFNAR-KO mice were also susceptible to HeV infection; however, this virus exhibited a somewhat lower pathogenicity than NiV ( Figure 2C ). Although 4-week-old IFNAR-KO mice all succumbed to intraperitoneal HeV infection, the susceptibility decreased gradually with age, and in 11-week-old mice HeV infection induced only 50% mortality. Moreover, and in contrast to NiV infection, IFNAR-KO mice were resistant to intranasal infection by HeV.
The survival of groups of 5 IFNAR-KO mice infected intraperitoneally with increasing doses of NiV from 100 to 10 6 PFU ( Figure 2D ) was monitored. All animals that received the highest dose died between days 6 and 9. No fatality was recorded beyond 10 days postinfection in any groups, and one mouse having received 10 4 PFU recovered after a long convalescence period. This allowed calculation of the NiV lethal dose at which 50% of animal succumbed to the intraperitonel infection (LD 50 ) to be 8 × 10 3 PFU in IFNAR-KO mice ( Figure 2D ).
Spread of Henipavirus Infection Within Infected Mice
Virus spreading to different murine organs was analyzed by quantifying the expression of nucleoprotein (N) RNA by RTqPCR ( Figure 3 ). The N expression was found in all analyzed organs of HeV intraperitoneally infected IFNAR-KO mice. However, the RNA levels in HeV intranasally infected mice were statistically lower in all organs (P < .005), compared to Results are presented as average viral titers from triplicate cultures ± SD (G and H; *P < .01, Mann-Whitney U test) or no. of copies/μg of IFNß-specific RNA ± SD (I and J , **P < .01, ***P < .001; 2-way ANOVA test followed with Bonferroni post-test).
intraperitoneally infected mice ( Figure 3A ). This correlated with the survival of all mice infected intranasally with HeV ( Figure 2C ), suggesting that intranasal inoculation of HeV results in systemic infection but at lower level than intraperitoneal infection route. Expression of NiV N followed the similar pattern as HeV N expression in intraperitoneally infected mice ( Figure 3B) , with apparently higher level of NiV-N expression in lungs of NiV-infected IFNAR-KO mice than in intraperitoneal HeV-infected mice, in accord to higher susceptibility of these mice to intranasal infection ( Figure 2B and 2C). In contrast to IFNR-KO mice, C57BL/6 mice showed only very low level of RNA copies of NiV-N in the lung (2 samples) and in the spleen (1 sample) and were under detection level in the other organs. Moreover, some NiV-N RNA was detected in surviving animals, although at 100-to 1000-fold lower level than in mice succumbing to the infection.
Histopathological Studies of Henipavirus-Infected Mice
Upon necropsy, NiV-and HeV-infected IFNAR-KO mice exhibited congestion with scattered small hemorrhagic lesions in the brain and heart. In NiV-infected animals, focal necrosis and petechial hemorrhages were observed in the liver and kidney. No particular lesions of liver and kidney were noticed in HeV-infected animals. Less frequently, congestion of the lungs and edema of the bladder wall were also observed. Upon histological and immunohistological analysis of organs from infected IFNAR-KO mice, both viruses appeared to affect the brain, causing parenchymal and meningeal nonsuppurative inflammation, the former being predominant after HeV infection. Vascular lesions were numerous and included wide-spread vasculitis, often associated with hemorrhages ( Figure 4D ), leukocyte infiltration, and perivascular cuffing ( Figure 4G ). Neurons close to sites of vasculitis and meningitis lesions showed eosinophilic inclusions. suggesting a hypoxic-ischemic state in the brain ( Figure 4G ). IHC analysis of the brain from both NiV-and HeV-infected IFNAR-KO mice revealed infected ependymal cells ( Figure 4L ) and neuron-shaped cells ( Figure 4J ), which was further confirmed by immunofluorescence ( Figure 5 ). Histopathology of lungs revealed intense inflammation with edema, focal necrotizing alveolitis ( Figure 4E ), and vasculitis ( Figure 4H ). IHC indicated the presence of NiV antigen in different cell types, including pneumocytes ( Figure 4K ) and cells from the pseudostratified epithelium. Hepatic lesions observed in NiV-infected animals were severe, with signs of acute and intense hepatitis. Focal necrosis, as well as vasculitis, large syncytia, hemorrhages, and inflammation were abundant ( Figure 4F ). In HeV-infected animals, hepatic lesions were not significant ( Figure 4I ). Histopathology of the kidney showed moderate inflammation associated with light vasculitis (data not shown). In contrast to IFNAR-KO mice, the histopathological findings in C57BL/6 were poor, with only occasionally noticed very mild inflammation of the brain (2 out of 6 analyzed samples, data not shown). Furthermore, no viral protein could be detected by IHC.
Neutralizing Antibody Response
Infected mice were then analyzed for their capacity to produce virus-specific neutralizing antibodies in the serum. Animals that succumbed to henipavirus infection within the first 7 days postinfection did not generate neutralizing antibodies (data not shown). However, surviving IFNAR-KO mice, infected with HeV by both intraperitoneal and intranasal routes, developed seroneutralizing antibodies 3 weeks postinfection ( Figure 6A ). In correlation to their higher susceptibility to HeV infection, younger mice (4 weeks old) developed significantly higher titer of neutralizing Abs compared to 12-weekold IFNAR-KO intranasally infected mice (P = .0263). Production of neutralizing Abs in intranasally NiV-infected mice was also rather low ( Figure 6B ). In wild-type C57BL/6 mice, only 2 of 5 NiV-infected animals developed a very low level of neutralizing antibodies ( Figure 6B ). In contrast, IFNAR-KO infected intraperitoneally with a sublethal NiV inoculum developed high titer of seroneutralizing antibodies, similarly to intraperitoneally HeV-infected animals, thus showing the capacity of IFNAR-KO mice to efficiently produce humoral immune response against henipavirus within the first 3 weeks of infection.
DISCUSSION
This study analyzes the role of type I IFN system in henipavirus pathogenesis and demonstrates the critical role of IFNAR signaling in the protection of mice from lethal HeV and NiV infection. IFN-I can exert antiviral effects at multiple levels, causing the induction of antiviral genes as well as augmentation of antigen-presenting cell and lymphocyte functions. IFN-I may affect the survival of diverse cell populations: it could prolong neuron and astrocyte survival following growth factor deprivation or serum starvation [27, 28] . It has been hypothesized that the ability of IFNs to inhibit cell death may preserve neuronal populations and limit disease in the central nervous system (CNS) induced by either viral infection or inflammation [29] . The selective increased permissiveness of primary brain glial cultures lacking IFNAR signaling after infection with NiV at low but not high MOI strongly suggests that mouse cells can efficiently detect NiV infection and secrete IFN-I to protect surrounding cells from virus spreading, although NiV-induced production of IFN-I by neuronal cells may be limited [30] . Only a small population of infected neurons produces IFN-I following infection with certain viruses, and IFN-I was shown to be principally made by parenchymal cells in the brain [31] . Our results have demonstrated the critical importance of IFNAR signaling for the protection of mice from henipavirus infection in vivo. In addition to the local protection of brain cells from infection, it is also possible that systemic transmission of the virus, retrograde axonal transport, and neuroinvasion are more efficient in the absence of the functional IFN-I system, as shown for poliovirus [32] , and could thus contribute to the higher suceptibility of IFNAR-KO mice to henipavirus infection. Altogether, these results are consistent with infection of IFNAR-KO mice with other neurotropic RNA viruses, including vesicular stomatitis virus [20] , measles [33] , coronavirus [34] , or West Nile virus infection [35] , in which the absence of IFNAR downstream signaling highly increases the susceptibility to infection.
Henipavirus infects a large spectrum of mammalian species (hamsters, pigs, dogs, horses … ), but mice are resistant to infection although they do express functional cell entry receptor for henipavirus, ephrin B2, and ephrin B3 molecules [14] . HeV and NiV encode several proteins that block IFN-I in different cell types and thus counteract innate immune response [36], and resistance to henipavirus infection in mice may be linked to inability of viral proteins to interact with their homologous murine molecular partner. Understanding the underlying mechanism, by which henipavirus infection is so efficiently controlled in mice, may help the development of more effective countermeasures in humans. Furthermore, the critical role of IFN-I signaling in control of the HeV and NiV infection observed in this study, and recent observations that in human cell lines NiV and HeV inhibit IFN-I production rather than IFN-I signaling pathways [37] , as well as previous finding that interferon inducer poly(I)-poly(C(12)U) could prevent Nipah virus-induced mortality [38] , suggest a potential for IFN-I treatment as a possible postexposure therapeutic.
Both NiV and HeV are disseminated rapidly to different organs of IFNAR-KO mice, following intraperitoneal infection and are transmitted to the brain, where they induce lethal encephalitis. Similarly to henipavirus infection in human [39, 40] , infected mice developed neurological signs and CNS pathology, with parenchymal brain cell infection, meningitis, and vasculits-induced microinfarctions, most probably responsible for the lethal outcome of the disease. Histopathological studies in different organs revealed the presence of widespread vasculitis, hemorrhages, and strong inflammation. Thus, these results emphasize number of similarities between this new IFNAR-KO mouse model and the well-established hamster model [12, 13] , although the LD 50 was much higher in mice than in hamsters, suggesting that they may differ from hamsters in some additional factor(s) important for henipavirus infection. Previous work suggested that infection of hamsters with a high dose of NiV or HeV resulted in acute respiratory distress, whereas low doses induced the development of neurological signs and more systemic spread of the virus [41] . In agreement to their lower susceptibility, development of mainly neurological disease in this murine model suggests that the infection of IFNAR-KO mice with henipavirus mimics the low-dose infection of hamsters. Furthermore, as shown in hamsters [12] , IFNAR-KO mice were more susceptible to intraperitoneal than to intranasal NiV infection. In the latter route of inoculation, they displayed the progression of neuronal signs, along with breath difficulties in 60% of infected animals, followed by delayed mortality compared to intraperitoneally infected mice. Finally, and in compliance with the hamster model [13] , we have observed the age-related susceptibility to intraperitoneal HeV infection in mice, which declines with older age of animals. Curiously, IFNAR-KO mice were not susceptible to HeV by the intranasal route. Significantly lower level of HeV N was detected in different organs of intranasally infected mice, compared to intraperitoneally infected mice, indicating that some virus replication did take place but was probably insufficient to lead to mortality. These results may reflect some differential permissiveness of the murine respiratory system to initial stages of NiV and HeV replication, possibly related to distribution and/or different binding affinity for the entry receptors [14] . Likewise, in hamster model NiV initially replicates in the upper respiratory tract epithelium, whereas HeV initiates infection in the interstitium of the lungs and not in the trachea or bronchi [41] .
Although IFNAR-KO mice show certain differences in immune response compared to wild-type mice, due to the lack of IFN-I signaling [42] , they could efficiently mount both humoral and cellular immune response and have been already used in the evaluation of different vaccine strategies, including vaccination against Dengue virus, SARS virus, and West Nile virus [43] [44] [45] . Since henipavirus infection elicits production of high levels of neutralizing antibodies in IFNAR-KO mice, these animals thus constitute a useful model to evaluate vaccination strategies against henipavirus. Furthermore and as opposed to other characterized models, this new murine model provides access to the numerous and powerful tools available for mice, which should be of critical help for indepth immunobiological and genetic studies of henipavirus infection and could substantially promote the discovery of new therapeutic and prophylactic targets as well as the assessment of drug candidates and vaccines.
Notes
